Functionalization of single-walled carbon nanotubes (SWCNT) with polyethylene glycol (PEG) is among the most promising strategies to avoid SWCNT aggregation in aqueous media, improving its interactions with biological systems. However, the best molecular PEG weight and functionalization strategy remain under investigation. In this work we assessed the toxicological effects of SWCNT functionalized with PEG at 600 Da in zebrafish embryos. Embryos were exposed to SWCNT at 0.01, 0.1 and 1 mg/L from 3 to 96 h post-fertilization (hpf). At the highest concentration, SWCNT led to toxic effects at several endpoints, including mortality, delayed hatching, malformations, reduced body length, increased ROS production and DNA damage. Even with these effects, SWCNT could not be detected within the bodily tissues of the larvae. Our results give evidence that the tested PEGylation approach was unsuitable to avoid SWCNT aggregation in aqueous media, and that SWCNT can induce toxicity even without being absorbed by the organism by obstructing the chorion pores.
Introduction
Single-walled carbon nanotubes (SWCNT) have numerous promising applications in various fields, including electronics, energy, medicine and pharmacology. Among the hypothesized biological uses are applications as drug carriers (Guo et al., 2017) , nanosensors (Iverson et al., 2016) and tissue engineering (Ahadian et al., 2017) . Since water is a key component of living organisms, SWCNT hydrophobic nature is an important challenge to be overcome. SWCNT tend to form aggregates in aqueous media that compromise their promising physicochemical features, such as small size and nanoneedle conformation. Aggregation is considered as a key event behind many toxic effects associated with SWCNT, including thrombogenesis, inflammation, tissue damage and oxidative stress (Alshehri et al., 2016) .
The tendency to form aggregates can be attenuated by functionalizing SWCNT with polyethylene glycol (PEG). PEGylation makes SWCNT more hydrophilic and inert, reducing toxicity and enhancing biodistribution and bioavailability (Otsuka et al., 2003) . Even though PEG is considered as one of the most promising functionalization approaches available for biological applications, the optimal PEGylation method and many of its in vivo implications are yet to be known .
Developing organisms are especially sensitive to toxic effects, being pertinent models to assess the safety of new materials. The embryonic stage comprises many complex and highly regulated processes, and even minor toxic effects can lead to severe consequences (Truong et al., 2012) . Zebrafish (Danio rerio) are excellent animal models for embryologic studies, as the embryos are easy to collect, stage, visualize, manipulate and expose to the test chemicals or materials (McCammon and Sive, 2015) .
Considering the promising applications of PEGylated SWCNT (SWCNT-PEG) in living organisms and the importance of assessing their potential toxicity, we tested the effects of exposing zebrafish embryos to these nanomaterials, focusing on biodistribution and embryotoxicity.
Methods

SWCNT synthesis and functionalization
SWCNT were purchased from a commercial supplier (SigmaAldrich, 652,474, Lot MKBC 9435, St. Louis, MO, USA), synthesized via electric arc discharge method and functionalized with PEG (MW = 600 Da). Briefly, the material was analyzed by thermogravimetric analysis (TGA) (SDT 2960, TA Instruments) and transmission electron microscopy (TEM) (Tecnai G2-20 SuperTwin, FEI Co., Thermo Fisher Scientific). The sample was found to contain~25 wt% grafted PEG,~60 wt% SWCNT and~20 wt% carbon-coated catalyst particles (NieY) that measured 20-40 nm in diameter (Fig. 1a) . Excess PEG was removed with a protocol adapted from Kalinina et al. (2011) . The resulting suspension was analyzed with atomic force microscopy (AFM) (NTegra Aura, NT-MDT Co.) and SWCNT were found to measure 1-30 × 200-2000 nm. Analysis with TEM (Tecnai G2-20 SuperTwin and Tecnai G2-Spirit, FEI Co., Thermo Fisher Scientific) allowed the verification of carbon-coated metal particles trapped in PEG chains (Fig. 1b) . Zeta potential was assessed by electrophoretic light scattering technique (Zetasizer Nano-ZS ZEN3600 system, Malvern Instruments), and the zeta potential was of −60 mV in aqueous medium. The final concentration of the suspensions was determined by spectrophotometric analysis with wavelength range of 190 to 1100 nm (UV-3600 UV-Vis-NIR spectrophotometer, Shimadzu), and the mass concentration was assessed by drying and weighing a known volume of the original suspension.
Animal model and experimental groups
All applied protocols were previously examined and approved by the Ethics Committee for Animal Use of FURG (CEUA -FURG, number P016/2017). Adult wild-type zebrafish (Danio rerio) were purchased from a commercial supplier (Red Fish, Porto Alegre, Brazil), and cultivated in the animal facility of the Institute of Biological Sciences (ICB -FURG, Rio Grande, Brazil). Fish were kept in groups of 15 in 15 L aquariums with recirculating water from a system equipped with biological filter and UV light. Water temperature was maintained at 28 ± 2°C and pH 7. Room lights were temporized to provide a 14/ 10 day/night cycle.
Zebrafish embryos were obtained by photoinduced spawning and collected up to 30 min after the lights were turned on. Eggs were rinsed with system water and staged (Kimmel et al., 1995) . Embryos that reached blastula stage were randomly distributed into individual wells of 96-well plates containing 200 μL of system water (control group) or SWCNT suspensions at 0.01, 0.1, or 1 mg/L. Prior exposure, SWCNT-PEG suspensions were bath-sonicated for 2 h and then suspended in water from the aquarium system filtered at 0.22 μm and sterilized by 30 min exposure to UV light. Samples were sonicated once more for 30 min prior exposure to the embryos. The plates with the embryos were kept in an incubator (F1010, Fluxo Tecnologia, Rio de Janeiro, Brazil) set for the same conditions of temperature and light/dark cycle defined for the adult fish.
Observational monitoring
Observation of morphological features was performed with a stereomicroscope (ZX-16, Olympus, São Paulo, Brazil). Embryos at 24 hpf were individually observed for 20 s for the assessment of spontaneous movements. Heart rate was quantified at 48 hpf during 10 s. From 24 to 96 hpf, specimens were inspected every morning for the observation of hatching time and mortality. Organisms were assumed dead in the absence of body movement or heartbeats, when the tail was detached or if the tissue became opaque. At 96 hpf, malformations in the surviving larvae were evaluated according to the criteria described by Jin et al. (2009) and Hermsen et al. (2011) . Larvae were considered as normal when none of the following non-lethal endpoints was observed: absence of tail blood circulation, no spontaneous movements and abnormal otolith, eye, or somite development. Replicates were only considered as valid if at least 90% of the control group specimens in the plate did not show any malformations or died. At 96 hpf, larvae were individually photographed (Olympus SC30 camera, Olympus, São Paulo, Brazil) for digital measurement of the head-to-tail length using the software FIJI (Schindelin et al., 2012) .
ROS measurement
At 96 hpf, four pools of 10 larvae from each experimental group were washed twice with cold PBS (pH = 7.4) and homogenized in cold buffer (Tris-HCl 100 mM, EDTA 2 mM, and MgCl 2 .6H 2 O 5 mM). The homogenized pools were centrifuged at 10,000 ×g for 20 min at 4°C and the supernatant was collected. Each sample was analyzed in triplicates, with each well of a 96-well plate receiving 10 μL of the homogenate, reaction buffer (HEPES 30 mM, KCl 200 mM, MgCl2 1 mM), and 10 μL of dichlorofluorescein-diacetate (DCFH-DA, Invitrogen) stock solution (16 μM in ethanol 100%). The intensity of the fluorescence was measured using a micro-plate reader (VICTOR 2D Fluorometer, PerkinElmer) with excitation and emission wavelengths at 485 and 530 nm, respectively, at 37°C, over 120 min. Protein concentration was determined with a commercial kit (Microprote Fig. 1 . Characteristics of the SWCNT-PEG sample. (a) Thermogravimetric analysis (TGA) of the SWCNT-PEG sample showed that the sample contained~25 wt% grafted PEG,~60 wt% SWCNT and~20 wt% carbon-coated catalyst particles (NieY), correcting for humidity and ash content (continuous line: TGA curve; dotted line: derivative thermogravimetry (DTG) curve). (b) Transmission electron microscopy (TEM) (120 kV) micrograph of the SWCNT-PEG dispersion, showing metal residuals trapped in the PEG chains (white arrowhead).
pirogalol, DOLES), and ROS concentration was expressed in arbitrary units (DCFH mg/protein).
Alkaline comet assay
Comet assay was performed as previously described (Girardi et al., 2017; Jarvis and Knowles, 2003) . Briefly, whole body homogenates (n = 5) were combined with agarose in melting point (34°C) and cooled for solidification on top of glass slides. Slides were incubated in cold lysis buffer for 90 min and then placed in the electrophoresis chamber filled with cold alkaline buffer. Following electrophoresis, slides were washed with neutralizing buffer and methanol 100%. Samples were stained with SYBR® Safe (Thermo Fisher Scientific Inc., Waltham, USA) and images were captured using a fluorescence microscope (510-560 nm wavelength). Tail-moment was measured using the OpenComet plug-in for ImageJ (Gyori et al., 2014) . In total, fifty comet assays were randomly assessed from each slide.
Fourier transform Raman spectroscopy
Larvae at 96 hpf were euthanized by submersion in system water with 300 mg/L tricaine methanesulfonate (MS-222, Sigma, Missouri, USA), buffered to pH 7.0. Whole bodies were fixed in 4% neutral buffered formalin for the preparation of histological slides. Briefly, the fixed larvae were processed, embedded in Paraplast Plus®, sagittally sectioned in 6 μm thick slices and stained with haematoxylin and eosin (H&E). Slides were examined using a microscope equipped with a digital camera (Olympus BX41 and DP72, Tokyo, Japan).
To estimate the biodistribution and bioaccumulation of SWCNT in zebrafish tissue, five whole-body slides per group were analyzed with Fourier transform (FT) Raman spectroscopy. Measurements were performed using a FT-Raman spectrometer (RAM II, Bruker Inc., Karlsruhe, Germany) with a neodymium-doped yttrium aluminum garnet (Nd:YAG) excitation laser at 1064 nm and a Ge detector cooled with liquid nitrogen. Laser output power was maintained at 150 mW and data were recorded with 128 scans at a resolution of 4 cm −1
. Raman spectra from zebrafish tissue exhibited characteristic carbon nanotube peaks around 180, 1300 and 1600 cm −1 , corresponding to radial breathing mode, D band and G band, respectively.
Statistical analysis
Data from all experiments were tested for normality with the D'Agostino Pearson normality test. Survival and hatching rates were analyzed with repeated measures two-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test (vs. Control in each time period). Head-to-tail length was tested with one-way ANOVA followed by Dunnett's post-hoc test (vs. Control), while the percentage of malformed specimens per plate, ROS levels and data from the alkaline comet assay were tested with Kruskall-Wallis followed by Dunn's multi-comparison test. All data is represented as mean ± standard deviation (SD), and differences were considered as significant when p < 0.05. All analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, California, USA).
Results
Toxic effects were more pronounced proportionally to the concentration of the suspension tested. Mortality was observed in about 26% of the sample exposed to the higher concentration of SWCNT-PEG (Fig. 2) . Most embryos died during the first 24 h, since developing organisms are more sensitive during the earliest stages. Concerning the hatching time, all specimens from the control and lowest concentration groups hatched within 96 hpf, with a significant delay observed in the other groups (Fig. 2b) .
The proportion of malformed embryos per plate was significantly higher in the group exposed to SWCNT-PEG at 1 mg/L (Fig. 3a) . Headto-tail length of the surviving larvae was measured at 96 hpf, and the only group to show differences from controls was the one exposed to the highest concentration of SWCNT-PEG (Fig. 3b) . No differences were observed between groups concerning heart rate and spontaneous movements (data not shown). Exposure to SWCNT-PEG at the highest concentration led to a significant increase in the concentration of ROS (Fig. 4a) . Larvae from the same group also showed DNA damage, as assessed by the alkaline comet assay (Fig. 4b and c) . Even with the toxic effects observed through different approaches, SWCNT could not be identified within the internal tissues using Raman spectroscopic analysis (Fig. 5) .
Discussion
The main interest of functionalizing CNT for biological applications is to increase CNT dispersibility in aqueous media without the addition of potentially toxic chemicals. In this sense, functionalization with PEG is a relevant option, as it is a biologically inert chemical that makes CNT more hydrophilic and electrically neutral . Even though the main interest with PEGylation lies within the field of nanomedicine, it is important to also evaluate its biological effects through an ecotoxicological approach. Due to the many applications of nanomaterials, the overall synthesis of CNT increased dramatically in the recent years, and its release in the environment is expected to grow with time.
No SWCNT could be detected within the internal tissues of the zebrafish larvae using Raman spectroscopy. The first possibility is that the SWCNT-PEG were eliminated from the organism before FT-Raman assessment. However, such early and effective clearance was only reported when CNT were delivered via microinjection to one-cell stage embryos or following intravascular loading (Cheng et al., 2009; Cheng et al., 2007) . When considering waterborne exposure to CNT suspensions, bioaccumulation was observed after longer periods of time in dechorionated zebrafish embryos (Wang et al., 2016) , suggesting that the SWCNT-PEG were adsorbed to the chorion. In fact, similar results were observed with SWCNT tested in other studies with chorionated zebrafish embryos (Asharani et al., 2008; Cheng et al., 2007; Girardi et al., 2017) . The chorion acts as a natural barrier, protecting the embryos from environmental hazards. To allow gas exchange and control of the pressure within the egg, the chorion membrane of zebrafish has pores that measure~300-1000 nm (Lin et al., 2013) . In theory, the SWCNT-PEG used in this work should be able to cross the chorionic membrane, since SWCNT bundles measured around 1-30 nm in diameter and had increased dispersibility in aqueous solution due to PEG functionalization. However, the chorion also tends to adsorb particles, not being particle size a determinant aspect for the crossing of the membrane (Olivar, 1987) . However, particle size probably played a major role in this case. As revealed by TEM analysis, most of SWCNT-PEG used in this study were functionalized in bundles of 2-5 tubes, being some bundles connected by polymeric masses that led to the formation of larger aggregates. The aggregates persisted even after prolonged bath-sonication, and it is likely that this behavior aggravated with time.
PEG molecular weight and functionalization method have important implications on the behavior of the final product, and the optimal approaches for biological applications are still under investigation . The considerably negative zeta potential (−60 mV) suggests that the sample was not homogeneous, containing SWCNT that were not completely coated with PEG. The tested PEG molecular weight provides one of the explanations for this result, as SWCNT functionalized with shorter PEG chains are more likely to contain exposed surface areas through their length (Lee, 2013; Sacchetti et al., 2013) . In addition to that, the SWCNT-PEG used in this work were functionalized using an esterification reaction between PEG hydroxyl groups and carboxylic acid groups added to the SWCNT M.F. Cordeiro et al. Toxicology and Applied Pharmacology 347 (2018) 54-59 surface through a strong acid treatment (Zhao et al., 2005) . Thus, not only the PEG chains were probably too small to provide enough coverage, but also not all carboxyl groups successfully reacted with PEG (probably due to steric hindrance), leaving carboxylic groups along the SWCNT length free to interact with the aqueous medium. This is especially problematic in biological media, given the prominent presence of salts, proteins and other macromolecules that can interact with the negative surface of the SWCNT (Heister et al., 2010) , making the dispersion unstable.
Even without crossing the chorion, SWCNT-PEG were responsible for important toxic effects in various biological levels, giving further evidence that nanomaterials can exert toxicity even without being absorbed by the organisms. Oxidative stress is one of the most frequently reported mechanisms of toxicity for carbon nanotubes, and it is known to trigger numerous secondary toxicological responses (Alshehri et al., 2016) . ROS can interact with DNA causing DNA oxidation and breakage (Di Giorgio et al., 2011; Møller et al., 2010) . DNA damage lead to the malfunctioning of basic cell functions, with consequences that include Fig. 2 . Survival and hatching rates following exposure to SWCNT-PEG. Increased mortality was observed only in organisms exposed to the highest concentration of SWCNT (1 mg/L), with most deaths occuring in the first 24 h (a). Larvae exposed to SWCNT at 0.1 and 1 mg/L showed delayed hatching (b) (repeated measures twoway ANOVA followed by Dunnett's test for multiple comparisons; mean of the percentage of occurrences per replicate, n = 10 in five replicates; ⁎ p < 0.05, ⁎⁎⁎ p < 0.001 vs. Control in the same time period; data expressed as mean ± SD). Fig. 3 . Malformations and head to tail length at 96 hpf following exposure to SWCNT-PEG. The percentage of malformations per replicate was significantly higher in the group exposed to SWCNT-PEG suspensions at 1 mg/L (a) (Kruskal-Wallis test followed by Dunn's test for multiple comparisons; n = 10 in five replicates). Larvae from the same group showed a significantly reduced body size after hatching (b) (one-way ANOVA followed by Dunnett's test for multiple comparisons; n = 15; ⁎⁎ p < 0.01 and ⁎⁎⁎ p < 0.001 vs. Control; data expressed as mean ± SD). Fig. 4 . ROS concentration and DNA damage in zebrafish larvae exposed to SWCNT-PEG. The levels of ROS were increased only in larvae exposed to SWCNT-PEG at 1 mg/L (a) (pools of 10 larvae in quadruplicate), and larvae from the same group were also the only ones to show DNA damage, as observed by increse in tail length (b) and tail moment (c) in the comet assay (n = 5) (Kruskal-Wallis test followed by Dunn's test for multiple comparisons; ⁎ p < 0.05 and ⁎⁎ p < 0.01; data expressed as mean ± SD).
M.F. Cordeiro et al. Toxicology and Applied Pharmacology 347 (2018) 54-59 cell apoptosis and impaired metabolism, affecting cell growth, proliferation, and differentiation (Cheng et al., 2011) . Considering the importance of these events in developing organisms, these were presumably the main toxic mechanisms underlying the teratogenic and lethal effects observed in this investigation.
Since the tested SWCNT-PEG did not penetrate to the internal tissues of the larvae, there are some possibilities on how the toxic effects were exerted. Adsorption of SWCNT to the chorion surface was reported to block the pores of the chorion, reducing the availability of oxygen to the embryos (Asharani et al., 2008) . Furthermore, even with the efforts made to purify carbon-based nanomaterials, some residuals of metal catalysts from the manufacturing process frequently remain present (Koyama et al., 2009; Pulskamp et al., 2007) , releasing water soluble ions that, due to their reduced size, can easily cross the chorionic membrane. These metallic residuals were already associated with many different toxic responses, including formation of ROS and inhibition of cell proliferation (Haniu et al., 2010; Pulskamp et al., 2007) . Even though our sample was found to contain metal catalyst residuals, we verified that they were trapped within PEG polymeric chains and coated by a layer of amorphous carbon that prevented the release of ions in the conditions of tested medium. Nevertheless, the importance of improved purification protocols to minimize environmental hazard is greatly recognized, independently of the manufactured nanomaterial (Alshehri et al., 2016) .
Conclusion
Our results show that PEGylation at 600 Da based on carboxylfunctionalized SWCNT approach is insufficient to avoid aggregation in aqueous media. An optimal approach to functionalize SWCNT with PEG for biomedical applications is still to be found. Additionally, we have shown that SWCNT-PEG used in this study can lead to important toxic effects even without being absorbed by the organism. This is a relevant issue to be addressed while the environmental levels of nanomaterials are low, highlighting the importance of effective purification protocols and discard practices. M.F. Cordeiro et al. Toxicology and Applied Pharmacology 347 (2018) 54-59 
